The recruitment of a gene to a foreign regulatory system is a major evolutionary event that can lead to novel phenotypes. However, the evolvability potential of cells depends on their ability to cope with challenges presented by gene recruitment. To study this ability, we combined synthetic gene recruitment with continuous culture and online measurements of the metabolic and regulatory dynamics over long time scales. The gene HIS3 from the histidine synthesis pathway was recruited to the GAL system, responsible for galactose utilization in the yeast S. cerevisiae. Following a switch from galactose to glucose-from induced to repressed conditions of the GAL system-in histidine-lacking chemostats (where the recruited HIS3 is essential), the regulatory system reprogrammed to adaptively tune HIS3 expression, allowing the cells to grow competitively in pure glucose. The adapted state was maintained for hundreds of generations in various environments. The time scales involved and the reproducibility of separate experiments render spontaneous mutations an unlikely underlying mechanism. Essentially all cells could adapt, excluding selection over a genetically variable population. The results reveal heritable adaptation induced by the exposure to glucose. They demonstrate that genetic regulatory networks have the potential to support highly demanding events of gene recruitment.
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Gene recruitment-the placement of a gene under a foreign regulatory systemdevelops either by mutations in existing promoters or by insertions of regulatory sequences into new loci (DAVIDSON 2001; WILKINS 2002) . Such reorganization of a preexisting regulatory network can lead to an increase in genomic and phenotypic complexity and is recognized as a major driving force in the evolution of developmental systems (CARROLL 2005; CARROLL et al. 2001; DAVIDSON 2001; TRUE and CARROLL 2002; WILKINS 2002) . However, the evolvability potential of cells (GERHART and KIRSCHNER 1997; KIRSCHNER and GERHART 1998) depends on their ability to cope with challenges presented by gene recruitment. In particular, cellular physiology should be able to support such events, realizing successful phenotypes from the novel genotype at intermediate times before its fixation in the population. Despite the central role of gene recruitment in evolution, direct experimental studies of cellular responses to rewiring of regulatory circuits have been lacking. As a step towards this end, we propose an approach in which an event of gene recruitment is synthetically induced, mimicking the natural evolutionary event, and the capacity of cells to evolve in different environments is then measured. Cellular responses to genetic perturbations generally involve a wide range of time scales (BRAUN and BRENNER 2004; CAUSTON et al. 2001; GASCH et al. 2000) and depend on the environment; we therefore study them in cell populations over long times under controlled conditions. Microorganisms grown in continuous cultures (chemostats) are an ideal prototype system for such studies (NOVICK and SZILARD 1950; PAQUIN and ADAMS 1983; SALDANHA et al. 2004) .
Evolutionary gene recruitment can result in a linkage between arbitrary genes and regulatory elements. Here, we engineered a synthetic circuit that couples histidine synthesis to galactose utilization in the yeast S. cerevisiae. The essential gene HIS3 was entirely deleted from its natural position and placed under GAL regulation (JAYADEVA and MURTHY 2001; JOHNSTON and CARLSON 1992; LOHR et al. 1995) , together with a gfp reporter ( Fig. 1a ) (BRAUN and BRENNER 2004; LI et al. 2000) . The recruitment of HIS3 to the GAL system presents serious challenges to the cell in histidine-lacking environments:
in pure galactose, the GAL system must simultaneously support regulation of two metabolic tasks, galactose utilization and histidine biosynthesis. In pure glucose, on the other hand, HIS3 is repressed (CARLSON 1999; JOHNSTON et al. 1994) . The dynamic range of the GAL system (1000 fold) (BIGGAR and CRABTREE 2001; CARLSON 1999; JOHNSTON and CARLSON 1992; JOHNSTON et al. 1994 ) is much wider than the amino-acid regulation (a few fold) (HINNEBUSCH 1992; STRUHL and DAVIS 1981) , so HIS3 can be over-or under-expressed beyond its normal levels. Moreover, the recruited HIS3 is detached from its natural feedbacks, limiting its response to relevant inputs (HINNEBUSCH 1992) .
Using this synthetic gene recruitment, we have studied how the cells cope with the challenges presented by the linkage made between the histidine biosynthesis pathway and the GAL regulatory system. We have constructed an experimental setup that combines the technique of continuous culture with online simultaneous measurements of the metabolic and regulatory dynamics at high temporal resolution. We focus here on the short to intermediate time scales (up to ~100 generations) of the dynamics following an environmental switch. At these time scales, before spontaneous mutations intervene, the dynamics mainly reflect the physiological responses of the cell population.
Materials and Methods
Plasmid and strain constructions. All experiments were carried out with the haploid yeast strain YPH499 [Mata, his3∆200, leu2∆1] carrying the plasmid vector pESC-LEU (Stratagene) containing pGAL1-pGAL10 divergent promoter (BRAUN and BRENNER 2004) . his3∆200 is a deletion that removed the entire HIS3 coding region plus the upstream promoter region, including the Gcn4 regulatory site [it spans from -205 to 835 bps relative to the start of ORF, see (BRACHMANN et al. 1998) ]. This deletion was verified by sequencing the genomes of cells from various parts of our experiments. Thus, in our strain there is no possibility for HIS3 to revert to its natural control. Cloning was done by standard methods in two steps.
GFPS65T under pGAL10 (BglII-gfp-NotI) (BRAUN and BRENNER 2004) and HIS3 ORF (PCR on S288C genomic DNA, 723bps; -25 bp upstream of ATG) under pGal1 (ApaI-HIS3-XhoI). Cloning was confirmed by fragments analysis and by direct sequencing.
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Transformation was done with the lithium acetate method followed by selection on synthetic dropout plates with 2% galactose and without leucine and histidine. The transformed cells showed the same number of colonies after 4 days on galactose plates with 0 or 5 mM 3-amino-1,2,4-triazole (3AT), but no colonies with 100 mM 3AT. No colonies were observed after 4 days on glucose plates, irrespective of the level of 3AT.
Mating experiments. Haploid cells (YPH499) harvested from the chemostat, after glucose steady state was established, were mixed with haploid cells of Matα type but with otherwise the same genome (YPH500). The latter cells were marked with TRP1.
Mating was done in galactose medium supplemented with all amino acids followed by selection of diploids on plates lacking tryptophan and leucine. The diploid cells were grown in a galactose medium lacking histidine and the same amounts of cells were plated, after washing, on galactose and glucose plates lacking histidine. As a control, diploid cells made by mating two naïve haploids that had not been previously exposed to glucose, were also grown on galactose and glucose plates for the same period of time.
Sporulation was induced in a liquid medium (10 g/l potassium acetate, 1 g/l yeast extract) and tetrad dissection done on galactose plates lacking leucine and histidine.
Growth conditions and chemostat. Cells were grown in chemostats in synthetic dropout medium lacking histidine and leucine with the appropriate amino-acid supplement and 2% of either pure galactose or pure glucose as a sole carbon source. Throughout the experiments, the sugar (either galactose or glucose) is always in excess (maximal consumption of the cells is 25% of the sugar feeded-2%). Medium (concentrations in g/l):
1.7 yeast nitrogen base without amino-acids and ammonium sulfate, 5 ammonium sulfate, 1.4 amino-acids dropout powder (without tryptophan, histidine, leucine and uracil; Sigma), 0.01 L-tryptophan, 0.005 uracil. The growth in the chemostat was limited by the concentration of the amino acid supplement (verified by increase in stationary cell density in batch culture with increasing concentrations of amino acids within the relevant range, and in chemostats by the steady-state OD dependence on their concentrations).
The chemostat was inoculated with cells from a single colony on an agar plate, grown to exponential phase in a medium similar to the chemostat medium. When needed, 7 appropriate amounts of the competitive inhibitor 3-amino-1,2,4-triazole (Sigma), sterilized by filtration was introduced into the feeding medium. Plates were made with a similar medium composition with 0.04 g/l L-tryptophan, 0.02 g/l uracil, 2% sugar and 2% agar. The cells were distributed uniformly on the plates by shaking with pre-treated sterile glass beads.
The home-made chemostat had a 130ml working volume and all experiments were done at a dilution rate of 0.14h Maximal errors were less than 3% in duplicates at the same PCR measurement and less than 15% between separate PCR measurements or separate RNA extraction samples from the same sample of cells.
Results and Discussion
In a medium lacking histidine, where HIS3p is an essential enzyme, the linkage made between HIS3 and GAL rendered cell growth sensitive to the carbon source. On agar plates with pure galactose, uniform-size colonies appeared after 2-3 days, while in pure glucose the first colonies appeared only after 6 days. The ongoing appearance of more colonies in glucose resulted in their abnormally wide size-distribution (Fig. 1b) .
Given enough time, the same number of colonies grew on glucose and galactose plates, indicating that essentially all cells could adapt to glucose. This shows that the glucose colonies are not due to selection of a rare subpopulation. Population variability is manifested in the broad size-distribution of colonies resulting from variations in cell adaptation time, but not in their ability to adapt. Plating cells from colonies first grown on glucose plates for a second time on glucose, resulted in rapid (faster than on galactose) colony appearance, with a uniform size distribution, showing that the adapted state is stable.
To study the dynamics of this adaptation we grew a population of gene-recruited cells in continuous culture, switching the medium from galactose to glucose. We The initial increase in cell density in phase (I) occurred while the GAL genes and HIS3 were glucose repressed (see below). The population, however, contained enough resources (e.g., histidine) to switch smoothly into glucose metabolism, characterized by a higher OD in the chemostat. In the next phase, once cells started to starve for histidine due to glucose repression, the population fitness decayed causing a reduction in OD. The decay rate (0.09 hr -1 ) was smaller than the chemostat dilution rate (0.14 hr Following the transient repression these genes exhibited adaptation to higher levels at times corresponding to the population's OD recovery. After this increase, the expression level of HIS3 was once again reduced (compare the expression levels in phases III and IV of the OD dynamics shown in Figures 2 and 5) . The reason for this reduction was overexpression of HIS3 in glucose, once the GAL system recovered from glucose repression (as observed in the expression of the GAL structural genes in the same phases, Figure 5 ).
The ability of the cells to tune the precise expression of HIS3 enabled them to overcome this over-expression challenge. This result implies that adaptation involved the emergence of a feedback between the metabolic requirements, determined by the 1 1 histidine pathway, and the regulatory module controlled by the GAL system (see further discussion of this point below in relation to Figure 9 ). These measurements show that the adaptive regulatory dynamics involved many genes exhibiting different kinetics. Thus, adaptation is not a feature of HIS3 alone but a global phenomenon involving genes under GAL regulation residing on different chromosomes. As a control, the expression of ADH1 is shown to be approximately constant; proving that the dynamics in the GAL regulated genes was not a result of global metabolic changes. Interestingly, the GAL module itself broke up into two groups of genes with different transcriptional kinetics: structural and regulatory (compare Figure 5a with Figure 5c ). Recall that at the second cycle of medium switch, to galactose and back to glucose ( Figure 5 , second and third arrows), the population memory of glucose adaptation led to an instantaneous increase of the OD to its steady state value. Figure 5 shows that underlying this memory is regulatory dynamics: all genes (gfp, HIS3 and native GAL genes) instantaneously expressed their glucose steady state mRNA levels upon the second medium switch. We conclude that the nature of the adaptation is essentially regulatory.
An important characteristic of adaptation is its sensitivity to environmental pressure. With the recruited HIS3, we can control the level of environmental pressure by introducing 3-amino-triazole (3AT), a competitive inhibitor of HIS3p (HORECKA and SPRAGUE 2000) . Figure 6 displays the population densities following a galactose-glucose medium switch (t=0), with 40 mM 3AT and without 3AT (as in Figure 2 ). The dynamics followed the same phases but the time scale of adaptation increased with environmental pressure. The mean gfp fluorescence also followed the same phases as without 3AT (data not shown).
The results presented so far show that the adapted state was memorized in the population for many generations. To further characterize the stability of the adapted state, we switched the chemostat back to galactose, harvested samples along time after the medium switch and compared their growth on glucose and galactose plates. Figure 7a shows the counts of colonies on various plates as a function of chemostat generations, starting from the medium switch to galactose at t=0. Following transient changes, the 1 2 plates stabilized at similar colony counts in all media. Figure 7b shows typical images of the various plates exhibiting very similar uniform colony characteristics. Figure 7c shows that after the transient response the kinetics of colony growth was similar in galactose and glucose plates. These results show that the adapted state, characterized by rapid growth of uniform-size colonies on glucose plates, with or without 3AT, was maintained in the chemostat for 220 generations after switching it back to galactose. The stability of the adapted state was also maintained, for the same number of generations, in serially-diluted batch cultures with various media, including galactose without 3AT, galactose plus histidine and glucose plus histidine (data not shown). Note that the growth of wild-type cells is strongly inhibited at this level (40 mM) of 3AT (KANAZAWA et al. 1988) . These experiments show that the adapted state, once established, is a stable cell-state with well defined characteristics and metabolism distinguished from the native state before the exposure to glucose. Moreover, while the environmental switch to glucose is necessary to trigger a transition to adapted cell-state, once this state is established the environmental stimulus (glucose) is not required anymore to maintain the new state.
Given the strong stability of the adapted state, we asked whether there is a way to reset this state. To explore this possibility, we generated diploid cells by mating between haploid cells harvested from the chemostat in the glucose steady state (phase IV in Figure   2 ) and naïve haploid cells of the opposite type. Figures 8a and 8b show typical results of growing these diploid cells on plates lacking histidine with galactose and glucose, respectively. Colonies appeared on glucose plates after 3-4 days (Figure 8b ) with slower growth rates than on galactose. Only a fraction of the diploid cells were fully adapted to glucose. This situation is in-between the one observed in Figure 1b for non-adapted cells, where a significant number of colonies appeared only after 14 days, and the one showed in Figure 7 for fully adapted cells, where colonies on glucose plates grew faster than on galactose plates. The growth on galactose remained the same as for the haploid cells (Figure 8a) . The diploid cells after mating were clearly sensitive to the carbon source, a hallmark of the GAL system. Thus, in these cells the control of HIS3 is under GAL in precisely the same manner as before. As a control, Figures 8c and 8d show respectively, galactose and glucose plates of diploid cells generated by mating two naïve haploids that had not been previously exposed to glucose, grown for the same period of time as in 1 3
Figures 8a and 8b. The growth of the non-adapted diploids resembled the naïve haploid cells exposed to glucose for the first time on the plate, as in Figure 1b . These results show that the partial adaptation observed for these diploid cells generated by mating with an adapted haploid, was not a result of the mating action itself or a property of a naïve diploid, but rather the partial propagation of the adapted state from the haploid to the diploid. Adaptation is not complete for the diploid cells, since mixing adapted and naïve genomes seems to "dilute" the adaptation capability of the cells. Thus, the adaptation to glucose following gene recruitment is a quantitative phenomenon in nature rather than "all or none" qualitative one. Interestingly, growing diploid cells from colonies grown on glucose plates for the second time on glucose shows that these diploids were fully adapted and grew uniformly and faster than on galactose. Thus, the partial adaptation observed after mating is not because of the diploid nature of cells, but caused by the presence of the naïve genome.
The diploid cells generated by mating between an adapted haploid and a naïve one could be sporulated and the progeny spores analyzed by tetrad dissections. The adaptation phenotype could propagate through meiosis. Tetrad analysis showed that the adaptation phenotype segregated in a 2:2 fashion: two of the progeny spores exhibited strong adaptation, growing on glucose plates like fully adapted haploids, while the other two exhibited partial adaptation similar to the diploid cells exposed to glucose for the first time (about 10 tetrads were analyzed, all exhibiting this behavior). The partial adaptation in two of the spores remained even after a long propagation in galactose medium, showing that it is not due to factors acquired in the diploid state. The 2:2 segregation shows that the mechanism responsible for the stabilization of the adapted phenotype is connected to the genome (by either a genetic or an epigenetic process) and is probably strongly affected by a single locus (see the discussion below). It also shows that the initially naïve genome used to generate the diploid did not remain completely naïve; the presence of the adapted genome in the same diploid caused a partial imprint of the adaptation capability on it.
We now examine in more detail the gene expression and regulatory dynamics following a switch from galactose to glucose. Figure 9 compares the mRNA levels for the two experiments with and without 3AT inhibition (Figures 2 and 6) . The GAL structural genes (Figures 9a-b) exhibited strong transient repression in response to glucose, followed by long-term recovery to a higher expression level. With 40 mM 3AT (Figure   9a ), the GAL genes were eventually expressed at similar levels in galactose and glucose. This is consistent with our previous observation of long-term de-repression of the GAL system in glucose without the HIS3 recruitment (BRAUN and BRENNER 2004) . The recruited HIS3 and reporter gfp exhibited strikingly similar expression levels and followed the same dynamics as the GAL structural genes (Figure 9c ). By contrast, at reduced environmental pressure in the absence of 3AT, HIS3 and gfp differed in their mRNA levels and did not follow the behavior of the other GAL genes (Figure 9d) .
Moreover, the ratio between HIS3 and gfp mRNA-levels did not correlate with the ratio of the natural GAL1 and GAL10, although both pairs of genes have identical promoters.
Sequencing revealed that the promoter region, pGAL1-pGAL10, controlling HIS3 and gfp, remained intact throughout the experiments with or without 3AT. These results suggest that the cells dynamically tuned HIS3 expression under GAL regulation according to the metabolic requirements. Thus, although the transcription of HIS3 has been detached from its wild-type control system, the gene-recruited cells were able to reprogram (KAFRI et al. 2005 ) the regulation network to tune HIS3 expression in response to environmental demands.
One of the challenges in recruiting HIS3 to the GAL system is multitasking in pure galactose medium, where both galactose utilization and histidine biosynthesis need to be supported. We therefore studied how the presence of the HIS3p inhibitor affects the population dynamics in galactose. Figure 10 shows that introduction of 3AT in pure galactose also led to adaptive dynamics; following a reduction in the population density in the chemostat (reduced cell fitness) and a period of stable density, the population exhibited adaptive recovery. Once again the adaptation characteristic time scale increased with environmental pressure (3AT concentration, compare Figures 10a and 10b) . Below a threshold (~45 mM 3AT) the population reached a final steady-state OD higher than the one prior to the introduction of 3AT. At this level of inhibition, cells could develop a better-fitted metabolic state since over-expression of HIS3 caused by the GAL system in galactose is compensated. The time scales (10-20 generations) and reproducibility of 1 5 separate experiments (see Figure 10b) , suggest again that the adaptation process was nongenetic. Interestingly, removal of the inhibitor after the establishment of the adapted state led to a transient decrease in OD followed by reestablishment of the same steady-state (Figure 10b-inset) , demonstrating that the adapted state was homeostatically stable. As before, once the cells established an adapted state following the environmental trigger, the presence of the stimulation is not required to maintain the new state.
Expression relying on GAL regulation may suggest that galactose is the optimal growth medium (JOHNSTON and CARLSON 1992; LOHR et al. 1995) . However, this is not necessarily true when the GAL system is required to regulate both sugar metabolism and amino-acid biosynthesis. Figure 11 Integrating all the dynamic features of our experiments into a chemostat model of two sub-populations shows that a large fraction of adapted cells at the moment of a medium switch is inconsistent with both a long adaptation period and a fast exponential increase in cell density (see Figure 12) . Thus, as explained before, selection of preadapted sub-population is unlikely in the experiments presented here. The experiments however, are consistent with a model of an ongoing phenotypic transition of cells into a better-fitted metabolic state, the rate of which strongly affects the adaptation time.
Recruiting the HIS3 gene to the GAL system sets severe functional challenges to cell physiology. We have shown that under competitive conditions in a chemostat, the cells adapt fast enough to maintain histidine biosynthesis supporting cell growth under different environmental constraints, and that this adaptation is sustained for many generations. The mechanism leading to the inherited adapted state is not known yet. The results exclude spontaneous mutations and selection of a rare subpopulation as possible 1 6 sources of the phenomenon. They open the possibility that adaptation is non-genetic, implying an underlying epigenetic mechanism of inheritance (JABLONKA and LAMB 2005; PAL and MIKLOS 1999; RUTHERFORD and HENIKOFF 2003; SOLLARS et al. 2003) . The partial reset of the adapted state after mating and the sensitivity to the carbon source show that the phenomenon was not likely to result from genetic stabilization of a new HIS3 regulation, bypassing our imposed GAL regulation. The strain used in our experiments contains the his3∆200 deletion which removed the entire HIS3 coding region and its upstream promoter, including the Gcn4 regulatory sequence, making it impossible for HIS3 to revert to its natural control. This paper focuses on the phenomenology of adaptation following a gene recruitment event. It paves the way for a program allowing eventually to identify the mechanism behind the inherited adaptation. In particular, two crucial experiments are required: first, measuring the genome-wide gene expression patterns in correlation with the adaptation dynamics and second, genomic mapping of the DNA locus (or loci) relevant for the observed phenotype. We discuss now these two complementary directions.
Adaptation is essentially regulatory and involves many genes residing on different chromosomes. The entire GAL module responded according to the requirements of the histidine pathway, tuning the foreign HIS3 gene in a precise way. This result reveals that a novel inter-modular feedback has been established affecting the GAL module and presumably involving other functional modules. To identify the set of genes involved in stabilizing the adaptation phenotype, genome-wide patterns of expression correlated with the adaptation dynamics in the continuous culture will be measured. This can be done using DNA microarrays containing the complete set of the yeast ORFs, hybridized with the reverse transcribed mRNAs extracted from cells collected at precise time points along the adaptation trajectory in the chemostat. By clustering the expression levels in correlation with the adaptation dynamics, we hope to be able to identify groups of genes relevant to adaptation and to expose the inter-modular interactions responsible for the regulatory dynamics.
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Adaptation is partially lost when a diploid cell is generated by mating an adapted haploid cell with another naïve haploid cell; adaptation is therefore a quantitative phenomenon in nature. On the other hand, the well-defined phenotype of fast uniform growth on glucose of the gene-recruited HIS3 cells segregated in a 2:2 ratio through sporulation and meiosis; two of the progenies exhibited strong adaptation while the other two behaved similarly to the diploid cell, exhibiting partial adaptation. This result proves that the inherited adaptation is strongly connected to processes involving the genome (but still can be of genetic or epigenetic origin), and suggests that the phenomenon is strongly affected by a single locus. This locus can be identified by genome-wide mapping (STEINMETZ et al. 2002) . The technique is based on generating a diploid cell by mating the adapted haploid with another polymorphic naïve strain and correlating the adaptation phenotype of the spores with genomic markers, using hybridization of the total genomic DNA to microarrays. Once the locus is identified, the mechanism of adaptation could be correlated with the relevant DNA sequences and possible epigentic mechanisms (e.g., histone states) there.
We still do not know how general the adaptation phenomenon observed in our experiments is, but our choice of HIS3 was arbitrary; histidine biosynthesis is an ancient conserved and highly regulated pathway (FANI et al. 1998) , connected to many other subsystems (ALIFANO et al. 1996) . It demonstrates the plasticity of gene regulation and that cells have the potential to physiologically support complex events of gene recruitment. The approach and technology presented in this work provide a step in making gene recruitment the subject of experimental investigation, promising to extend our understanding of genetic regulatory systems and their evolution. The arrows mark the points of medium switch; galactose to glucose (first arrow), glucose to galactose (second arrow), and galactose to glucose (third arrow). The gray curve is the OD trace of the population. Note that the regulatory genes (including MIG1) do not follow the same kinetics as the GAL structural genes. Also, after the second transition from galactose to glucose, the mRNA levels are immediately adapted to the new environment. x 1 and x 2 are normalized additionally by their respective yields (ratio of biomass to nutrient). The model is computed in two forms: (1) setting initial value x 2 (t=0)=0 and g 1,2 ≠0 to compute the population dynamics following a medium switch, from m 1 and a 1 unfavorable metabolism (causing a reduction in x 1 ) to m 2 and a 2 -favorable metabolism in the new medium (causing x 2 to overtake the population). Black curve: g 1 =10 -7 , g 2 =0.2;
Red curve: g 1 =10 -20 , g 2 =0.2. (2) Setting an initial value of x 2 as a fraction of the total population (10%) and g 1,2 =0 to compute the dynamics of a genetically heterogeneous 
